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SUMMARY

Straining conjugated polymer films is an effective strategy for con-
trolling molecular orientation. Aligning polymer chains within the
film plane significantly influences both electrical and optical proper-
ties, thereby presenting avenues for improving electronic device
performance and unlocking novel device functionalities. The unique
anisotropic optoelectronic nature of these films opens up possibil-
ities for enhanced charge mobility as well as innovative applications
in optical sensing and light emission. A polymer film’s response to
strain also provides practical information on its mechanical proper-
ties and potential for implementation in flexible and stretchable ap-
plications. This review delves into the process of strain alignment of
conjugated polymers, mechanical considerations, morphological
analysis, and devices applications. The exploration begins with a
concise overview of various polymer alignment processing
methods, followed by an in-depth examination of strain alignment
and transfer printing techniques employed in device fabrication.
We then discuss molecular characteristics that support polymer
ductility and strain alignment. Accurately characterizing the micro-
structure of aligned films is then reviewed. Finally, we present an
overview of device demonstrations that have utilized strain-aligned
conjugated polymer films.

INTRODUCTION

Straining conjugated polymer films has been shown to effectively align the polymer

backbone in the plane of the film. This alignment can enhance charge mobility (m) in

organic field-effect transistors (OFETs)1 and introduce intrinsic polarization in sensi-

tive organic photodetectors (OPDs)2 and polarized light emission in organic light

emitting diodes (OLEDs).3 Beyond these optoelectronic applications, strain align-

ment can also provide insight into molecular packing and thermomechanical

behavior of the polymer. The practice of driving molecular alignment in polymer

films through strain is not a recent development. To see some of the earliest works

of strain alignment, we must go back nearly 100 years to Land-Wheelwright Labora-

tories. Edwin Land is best known as co-founder of the Polaroid Corporation and the

Polaroid instant camera, but the foundation for this work came several years earlier in

his development of inexpensive polarizing films (Figure 1).4 His first patent for a

polarizing film involved orienting herapathite crystals embedded in a transparent

polymer film through the application of a magnetic field.5 However, years later, he

invented a polarizing film made by stretching polyvinyl alcohol (PVA). The PVA

was strained between 225% and 800% to uniaxially align the polymer chains that

were subsequently dyed with polyiodide. The film’s dichroic ratio (the ratio between

absorbance of linearly polarized light oriented parallel and perpendicular to the di-

rection of alignment [DR]) was approximately 90, making it an excellent polarizer.6,7
Cell Reports Physical Science 5, 102076, July 17, 2024 ª 2024 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:btoconno@ncsu.edu
https://doi.org/10.1016/j.xcrp.2024.102076
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2024.102076&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS Review
A more robust polarizing film was later developed based on a strain-aligned PVA-

polyvinylene block copolymer, known as K-sheet polarizers.8,9 This process led to

DRs exceeding 80 along with improved moisture resistance.10 Polaroid-type polar-

izers are among the most common seen today, with applications in sunglasses, op-

tical filters, and liquid crystal displays.

In early research on conducting polymers, films were strained to manage the poly-

mer morphology and electrical properties. In 1986, strain alignment was used to in-

crease the electrical conductivity of polypyrrole along the direction of strain.11,12 A

few years later, strain-aligned poly(3-octylthiophene) was reported showing polymer

chain alignment and charge mobility anisotropy.13–15 More recently, Goffri et al. and

Muller et al. demonstrated the ability to apply large strains to poly(3-hexylthio-

phene) (P3HT) blended with polyethylene without film rupture.16,17 These demon-

strations of strain-aligned conjugated polymers were conducted for bulk samples,

with thicknesses of 0.5–2 mm (Figure 1).16,17 However, many organic electronic de-

vices rely on having thin films with thickness less than 200 nm. Strain alignment of

these thin films relies on straining while on a supporting substrate. The most com-

mon approach today is to strain the conjugated polymer film while on an elastomer

such as polydimethylsiloxane (PDMS). In this approach, the film on a PDMS stack is

strained, and then the polymer thin film is transfer printed to a receiving substrate as

part of device fabrication or for morphological characterization.1,18

Aligning polymer chains through strain has many benefits compared to other align-

ment strategies. One key aspect of strain alignment is the ability to precisely vary

alignment through the magnitude of applied strain. Strained films typically show a

linear correlation between the applied strain and the degree of in-plane alignment

captured by the DR.1,2 The added level of control is advantageous in applications

where consistent alignment is required across a set of devices (e.g., polarized pho-

todetectors).19,20 In contrast to other solid-state and solution assembly alignment

strategies, strain alignment is not influenced by film thickness. Strain alignment

avoids any gradient of alignment or morphology through the film thickness or across

the film area. Strained films are also easily transferred to a wide range of receiving

substrates and electronic device architectures. Thus, the approach is compatible

with a broad range of characterization methods that may not be accessible with

other alignment strategies. Additionally, strain alignment has the ability to scale

to meet the demand of larger area applications. This is evident across the plastics

industry, where strained films are used in high-throughput manufacturing to opti-

mize mechanical, thermal, and optical properties.21 It is important to note that

straining polymer semiconductors while on elastomer supports has gained signifi-

cant recent attention due to the interest in developing intrinsically stretchable

organic electronic devices. A film’s response to strain is fundamental to stretchable

electronics, and there is a clear need to better understand strain-dependent

morphological changes. For more in-depth focus on stretchable electronic mate-

rials, devices, and applications, we refer the reader to other reviews on this sub-

ject.22–24 Here, we focus on the method, morphology, and applications of strain-

aligned films transfer printed from the elastomer onto a non-stretchable receiving

substrate. However, we include important overlapping considerations including me-

chanical behavior and morphological analysis of target polymers that are directly

applicable to stretchable organic electronics.

Our review focuses on the application of strain to align conjugated polymer films in

the plane of the film, characterizing the morphological changes accompanying the

strain process, and device applications of the strain-aligned films. We begin with a
2 Cell Reports Physical Science 5, 102076, July 17, 2024



Figure 1. Timeline of polymer film strain alignment with a focus on polymer semiconductors

From left to right: George Wheelwright III demonstrating Polaroid polarizing lenses in 1936.32

Strain-oriented P3HT-polyethylene block copolymer film tied in a knot (2007). Reproduced with

permission.17 Copyright 2007, John Wiley and Sons. AFM image of a P3HT film strained 150%

exhibiting fibrils in the direction of strain (2011), scale bar: 2 mm. Reproduced with permission.1

Copyright 2011, John Wiley and Sons. Image of strain-aligned PBnDT-FTAZ film with perpendicular

(left) and parallel (right) polarized light.30
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brief comparison of strain alignment to other alignment strategies, considering the

benefits of each approach. We then delve deeper into the strain alignment process,

considering the transfer of an oriented film to a receiving substrate. We then discuss

the molecular features and associated thermomechanical behavior that provide

insight into the polymer’s response to strain. This is followed by reviewing common

strategies used to probe molecular orientation and morphology in aligned films and

best practices for measurement interpretation. Lastly, we review recent reports of

applications that employ strain-aligned conjugated polymer films. In summary,

this review provides a comprehensive overview of strain alignment and the opportu-

nities this approach has in advancing organic electronics.
Alignment strategies

Uniaxial alignment of conjugated polymers can be achieved in a variety of ways,

described in detailed reviews on alignment strategies and related device opportu-

nities.25–29 This section provides a concise overview of various alignment ap-

proaches, ranging from solution-guidedmethods to solid-statemanipulation. In Fig-

ure 2, we highlight the most prevalent alignment techniques for conjugated polymer

films, displaying the DR attained by each method for single-material thin films. Each

technique can achieve a high degree of in-plane alignment depending on the mate-

rial and processing conditions. While strain alignment has not traditionally yielded

the highest DRs, recent demonstrations have pushed the boundary of strain align-

ment to achieve DRs of nearly 40.30 It is worth noting that Hamidi-Sakr et al. em-

ployed high-temperature rubbing of doped P3HT resulting in a DR exceeding

50.31 However, this was facilitated by the addition of the dopant F4TCNQ� and

therefore not included in Figure 2. Additionally, there are several less commonly

used alignment strategies, including film compression, melt-drawing, photoalign-

ment, electric/magnetic field alignment, and roll transfer, which are not depicted

in Figure 2. A summary of alignment demonstrations can be found in Table S1.

Solution assembly

A broad range of methods fall under the category of solution-based alignment, typi-

cally involving the manipulation of the meniscus flow of the solution, use of shear

forces on the solution, or guided epitaxial assembly. Meniscus-guided coating is

an approach that relies on controlled motion of the solution meniscus through

viscous drag enacted by gravity or a coating head. There are two schemes based

on the coating speed: (1) lower speed capillary regime and (2) higher speed

Landau-Levich regime.33 In the lower speed regime, the interplay of capillary forces
Cell Reports Physical Science 5, 102076, July 17, 2024 3



Figure 2. Optical dichroic ratio of aligned conjugated polymer thin films

Alignment techniques include popular solution assembly and solid-state manipulation methods.

These strategies include off-center spin coating, epitaxy, meniscus-guided coating, floating film

transfer, rubbing, friction transfer, and strain. Details and references can be found in Table S1.

ll
OPEN ACCESS Review
with solvent evaporation typically leads to polymer backbone alignment perpendic-

ular to the coating direction. The higher speed regime relies primarily on the shear

forces acting on the film, inducing a polymer backbone alignment parallel to the

coating direction. However, the final in-plane orientation of the backbone is influ-

enced by additional factors beyond coating speed, including solution concentration

and the presence and structure of aggregates in solution.34–36 This approach can be

modified through utilizing various coating blade designs.37,38 Off-center spin

coating utilizes a high centrifugal force applied to a polymer solution by placing a

substrate away from the center of rotation.39,40 Solution-based epitaxy methods

drive polymer assembly guided from solution by a geometric or electrostatic feature

of the substrate or a second solidifying component in the solution. Epitaxial align-

ment has been achieved using templating on rubbed polymer substrates,41,42

nano-grooved substrates,43,44 or using crystallizing aromatic solvents.45,46 Lastly,

the solidification can be manipulated while on a hydrophilic liquid substrate,

referred to as the floating film transfer method.47 In this approach, the hydrophilic

substrate results in a compressive force and interfacial friction when casting the poly-

mer solution of interest, allowing for the expansion of the film and macroscopic

alignment.

Solid-state manipulation

Mechanical methods to orient films in the solid state include rubbing, friction trans-

fer, and strain. In rubbing, a microfiber or velvet cloth is typically used, and heat is

often applied to improve molecular mobility. A schematic of high-temperature rub-

bing and the corresponding polarized ultraviolet-visible (UV-vis) absorbance spectra

for several materials can be seen in Figures 3A and 3B.48 Rubbing was initially uti-

lized in the large-scale orientation of liquid crystals in LCDs,49–51 but is also highly

effective for conjugated polymers.48,52–54 During high-temperature rubbing, the

cloth fibers apply a shear force on the polymer chains, resulting in preferential align-

ment of the relatively stiff polymer backbone in the direction of rubbing. Elevating

the sample’s temperature during rubbing leads to the partial melting of polymer

side chains, facilitating the disentanglement of polymer chains.48 The utilization of

lower molecular weight polymers can also enhance polymer alignment by reducing

polymer entanglements.48,55 Friction transfer has also proven to be an effective
4 Cell Reports Physical Science 5, 102076, July 17, 2024



Figure 3. Solid-state manipulation alignment strategies

(A and B) Schematic of high-temperature rubbing (A),48 along with (B) electron diffraction and polarized UV-vis absorbance spectra for P3HT and C12-

pBTTT films aligned using high-temperature rubbing. Reproduced with permission.48 Copyright 2014, American Chemical Society.

(C and D) Schematic of friction transfer processing (C),61 along with (D) dichroic ratio versus substrate temperature and polarized UV-vis absorbance

spectra for PBTTT aligned using friction transfer. Reproduced with permission.61 Copyright 2020, American Chemical Society.
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mechanical alignment technique. This method employs a solid polymer block, trans-

ferring a thin layer through a drawing process onto a heated substrate. A schematic

for the process and polarized absorbance spectra is depicted in Figures 3C and 3D.

The shearing forces in friction transfer have been identified as the driving force

behind polymer alignment. Friction transfer has been utilized to induce anisotropic

electroluminescence in thin films56–58 and to create a template substrate for the ori-

ented growth of materials.44,59,60

Strain alignment method

Strain alignment of conjugated polymer films is typically conducted while they are

laminated on an elastomer support, as illustrated in Figure 4. The process involves

either directly casting a polymer film onto the elastomer or transferring it from a

donor substrate onto the elastomer. Strain is then imparted on the film-elastomer

composite. While under strain, the film is transferred from the elastomer support

to a final receiving substrate. This transfer process relies on a cascading differential

adhesion between each transfer interaction. The adhesion between the film/stamp

must be greater than the film/donor to pick up the film, and adhesion between

the film/receiver must be greater than the film/stamp when printing the film.62

PDMS is often the preferred elastomer for this application due to its smooth, non-

reactive surface with relatively weak adhesion with the polymer semiconductor.1,18

However, when the cascading adhesion sequence is not met, various approaches
Cell Reports Physical Science 5, 102076, July 17, 2024 5



Figure 4. Illustration of the SHARP transfer printing method

(A) Lamination of the elastomer stamp onto the film, (B) transfer of the film to the stamp, (C) strain applied to the film/elastomer composite, (D) the film

laminated onto the receiving substrate, (E and F) strain reduced by �5%, (G) normal force applied to leading edge of the stamp to delaminate the film,

and (H) removal of the stamp. Bottom row includes pictures corresponding to steps (E) through (F).
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have been developed to overcome this limitation.1,62–67 One approach is to cast a

sacrificial layer between the thin film and the donor substrate.64 After the elastomer

is laminated onto the polymer, the sacrificial layer is removed, usually by selectively

dissolving the sacrificial layer, to delaminate the film from the donor substrate. In the

printing step, if the adhesion criterion is not met, surface treatments of the receiving

substrate have been employed. These treatments include O2 plasma, UV-ozone, or

adding an adhesive layer (e.g., sucrose68). However, these strategies may have

adverse effects on the quality of the printed film or underlying layer, potentially im-

pacting device performance.69 Alternatively, one can increase the rate of stamp

removal, exploiting the viscoelastic nature of the PDMS to modify its adhesive prop-

erties.70 In addition, Sen et al. have outlined a printing strategy called SHARP (shear-

assisted organic printing), illustrated in Figure 4.67 In the SHARP approach, once the

strained film is in contact with the receiving substrate, the nominal strain applied to

the PDMS-film composite is released slightly (z5%) resulting in a shear load across

the film. This shear load then imparts a bending moment at the leading edge of the

stamp, promoting film delamination.67 As the stamp is removed, the shear load at

the stamp/film leading edge ensures continuous film transfer from the stamp to

the receiving substrate. This method has been used to print films onto a variety of

substrates including glass, silicon, polyethylene terephthalate (PET), and even

low-surface-energy octyltrichlorosilane (OTS)-treated silicon.67,71,72 Moreover, this

process has been used in device fabrication including OFETs and OPDs.55,72–74
Thermomechanical considerations

In this section, we consider the mechanical measurements to probe film behavior

under uniaxial strain and the central factors that impact the ductility of conju-

gated polymer thin films. For more extensive reviews on design strategies to

achieve ductile films for stretchable electronics, we refer the reader to other

reviews.23,24,75–77
6 Cell Reports Physical Science 5, 102076, July 17, 2024



Figure 5. Tensile strain mechanical measurements

(A) Film on elastomer (FOE) crack onset strain (COS).

(B) Film laminated on thin elastomer (FLOTE). Reproduced with permission.85 Copyright 2020, American Chemical Society.

(C) Film on water (FOW).

(D) Tensile tester for ultrathin freestanding film (TUFF). Reproduced with permission.92 Copyright 2019, American Chemical Society.

(E) Tan d curves of different polymers from DMA temperature sweeps, with observed thermal transitions and the toughness transition (Tb0) labeled. To

the right are microscope images at 30�C and at the respective Tb0 at the specified strains. The films were strained along the horizontal axis of the page.

Reproduced with permission.96 Copyright 2020, American Chemical Society.
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Mechanical characterization methods

For successful strain alignment, the polymer filmmust be ductile enough to undergo

substantial tensile strain without fracturing. Consequently, assessing film ductility is

critical to determine its suitability for strain alignment. In addition to ductility, it is

valuable to understand the complete stress-strain behavior of the film under tension.

This provides additional property information including Young’s modulus, yield

stress, and strain hardening that informs the mechanical response of the film when

strained on an elastomer support or in a device. The simplest and most direct

method to assess the film ductility is to strain the film while on an elastomer substrate

until cracks are observed in the film, termed crack onset strain (COS) and illustrated

in Figure 5A.78–82 The manipulation of the film while on an elastomer (or film on elas-

tomer [FOE]) can be further extended to provide various mechanical characteristics

including Young’s modulus, yield strain, stress-relaxation behavior, and tough-

ness.81–84 However, the stress-strain behavior of polymer thin films cannot be quan-

titatively captured when using bulk elastomer substrates. To address this limitation,

an ultrathin elastomer support with thickness of less than 5 mm can be employed.
Cell Reports Physical Science 5, 102076, July 17, 2024 7
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This reduces the stiffness of the substrate so that the mechanical properties of the

conjugated polymer can be observed through tensile testing, as depicted in Fig-

ure 5B.85 Additionally, the composite structure enables an examination of the influ-

ence of the substrate on film ductility. The support also allows for tensile tests using a

temperature-controlled environment to capture viscoelastic film behavior.85 To re-

move the effect of neighboring substrates on film mechanical behavior, pseudo-

freestanding and completely freestanding tensile tests have been developed. Given

the thinness of the polymers of interest (<300 nm), it is difficult to test freestanding

films. To overcome this limitation, tensile tests can be performed by floating the thin

film of interest on the surface of water, coined film on water (FOW) (Figure 5C).86–91

While FOW tests capture stress-strain thin film characteristics, they have a limited

temperature range and the potential for film swelling due to water contact.89,92 To

expand the temperature range, ionic liquids have been introduced as a floating me-

dium in a technique called film-on-ionic liquid.93 More recently, tensile tests on

completely freestanding thin films have been demonstrated, eliminating any

external influence on the behavior of a film, with an example illustrated in Fig-

ure 5D.92,94,95 While this method provides stress-strain behavior free of substrate in-

fluence, handling the films remains a challenge.

Plastic deformation in polymer films requires molecular rearrangements in the amor-

phous or crystalline domains.97 Capturing thermal transitions in the polymer, espe-

cially within the amorphous component, establishes the temperature at which

various molecular features become mobile and can undergo conformational

changes.95,97 Dynamic mechanical analysis (DMA) stands out as a highly sensitive

tool to measure thermal transitions in polymers.98,99 While thermal analysis tech-

niques such as differential scanning calorimetry are commonly used tomeasure ther-

mal transitions in polymers, there are often low enthalpic and heat capacity changes

across thermal transitions in conjugated polymers resulting in weak signals.100,101

Some conjugated polymers, such as P3HT, exhibit a well-defined glass transition

temperature (Tg), but defining a Tg in conjugated polymers can be difficult, particu-

larly donor-acceptor (DA) type polymers.100 Yet, the sensitivity of DMA has revealed

complex thermal relaxation characteristics in DA polymers, where the most promi-

nent relaxation is attributed to side-chain dynamics.96,98,99 The phase behavior is

also complicated by the crystal types the polymers can adopt, including paracrystal-

linity and liquid crystallinity.102,103 In polymers, the relaxation below its Tg (i.e., sec-

ondary or b-transition) is often called the toughness transition because the film

ductility can drop significantly when it is below this transition temperature.96 Indeed,

it has been shown that the ductility and toughness of a number of polymer semicon-

ductors were reduced when they were strained below their side-chain relaxation

temperature (Tb), displayed in Figure 5E.96 These observations are consistent with

other reports that have highlighted the role of side chains on the ductility of the

semiconducting polymers.104 It should be noted that while ductility is correlated

to thermal transitions of conjugated polymers, it can still vary significantly both

above and below these relaxations. For example, below the b-transition, conjugated

polymers may continue to allow for deformation possibly through active slip systems

in crystals.96

Molecular structure

The plasticity of a film is intricately tied to the polymer structure. Key factors,

including molecular weight and the chemistry of both the backbone and side chains

dictate the film’s ultimate strain limit and its achievable degree of alignment. Beyond

alignment, the molecular features driving plasticity are important for successful im-

plementation of polymers in stretchable electronics, and we refer the reader to other
8 Cell Reports Physical Science 5, 102076, July 17, 2024



Figure 6. Molecular considerations of straining polymer semiconductors

(A) Schematic of the principal molecular features that dictate the mechanical properties of

conjugated polymer film.

(B) Ductility of blend films with varying acceptors including small molecules and low/high molecular

weight polymer P(NDI2OD-T2). Reproduced with permission.117 Copyright 2019, American

Chemical Society.

(C) Effect of surface UV/ozone treatment on elastomer substrate for buckling/delamination of a thin

polymer film. Reproduced with permission.69 Copyright 2019, American Chemical Society.
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excellent reviews covering that application.76,97,105–109 While predicting plasticity

based on molecular structure is not currently possible, there are several factors

that are recognized to be important, as summarized in Figure 6A. To achieve ductile

films, one of the primary considerations is to have sufficiently high molecular weight

(MW).104,110–114 The role of MW on film ductility has been demonstrated in

various polymer semiconductors including P3HT,112,114,115 PBnDT-FTAZ,116 and

P(NDI2OD-T2) (Figure 6B).117,118 The increase in ductility typically found with

increasing MW is generally attributed to two main factors: (1) the formation of poly-

mer entanglements in the amorphous domains, which increases intermolecular

coupling, and (2) an increase in the formation of molecular tie chains between or-

dered crystals or aggregates. Both effects increase the distribution of stress around

a defect and reduce the occurrence of failure through chain pullout. High MW is also

critical in polymer blend films, where higher MWof both polymers supports ductility.

Having only one polymer with high MW can still improve ductility of the blend; how-

ever, the influence of MW on ductility depends on the material systems and range of

molecular weights considered.117,119

When considering the monomer structure, both the side-chain and backbone struc-

tures can influence ductility. In most conjugated polymers, the side chains are disor-

dered and weakly interacting, primary serving to enhance solubility. However, their

chemical structure, size, and placement can impact mechanical behavior.120–124 For

instance, Savagatrup et al. conducted a study on the mechanical properties of

poly(3-alkylthiophenes) through varying the length of the alkyl side chains.120 As
Cell Reports Physical Science 5, 102076, July 17, 2024 9
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the side-chain length increased, there was a general increase in the COS and a

decrease in elastic modulus. This change was attributed to a reduction in the volume

fraction of load-bearing main-chain bonds.120 Longer side-chain lengths have also

been found to reduce the Tg of the polymer.107,124 Additionally, introducing

segmental variation by modifying the backbone or side chains has also been shown

to modify film mechanical properties.24,125,126 The regioregularity of conjugated

polymers may also affect mechanical characteristics. While increasing regioregular-

ity is often desired to improve charge mobility, it can have an adverse effect on

ductility. In the case of P3HT, a decrease in regioregularity has been demonstrated

to lower crystallinity and increase ductility.126

Recently developed high-performance semiconducting polymers have been de-

signed by incorporating alternating DAmoieties. These polymers commonly feature

fused aromatic ring structures, resulting in extended persistence lengths and

increased rigidity. More generally, polymer structures with fused rings tend to be

stiffer and more brittle when compared with those with rings bonded through single

c–c bonds.83,106,127 For example, Lu et al. demonstrated the impact of introducing a

thiophene spacer in the backbone of poly(tetrathienoacene-diketopyrrolopyrrole)-

based polymers. This modification led to a lower modulus and higher COS

compared to the polymer without the spacer.127 Conjugation break spacers have

also been used to improve the stretchability and processability of polymer semicon-

ductors.128 These non-conjugated flexible spacers have been shown to improve

plasticity of polymer films with limited hinderance on electrical performance.

Although, their mechanical properties remain dependent on additional factors

such as the packing structure.129 Oh et al. explored the effect of conjugated break

spacers with varying structures for flexible and healable thin-film organic transis-

tors.130 The addition of these spacers facilitated the creation of non-covalent cross-

linking sites through hydrogen bonding. This contributed to the dissipation of en-

ergy under tensile loading, improving the stretchability of the polymer films. The

authors also observed healing of the fractured film following solvent and thermal

treatment. Ductility can also be related to the morphology of a film, especially as

it relates to aggregation and crystallinity.131 While long-range order may improve

the charge mobility of the polymer semiconductor, there have been reports that it

can come at the cost of ductility.131

Neighboring substrate

The COS of a polymer film can be enhanced when straining it on an elastomer sub-

strate, as compared to a freestanding film.132 On an elastomer, the stress can be re-

distributed throughout the film, alleviating stress concentrations and negating a

necking instability.78 Utilizing an elastomer with modulus closer to the modulus of

the film will reduce interfacial stresses, increasing the COS and hence the ultimate

polymer alignment that can be achieved in strained polymer films.80,133 The elastic

characteristics of a bilayer structure can be described by the Dundur

parameters,80,134

a = ðEf � EsÞ = ðEf + EsÞ; (Equation 1)
b =
1

2

mf ð1 � 2nsÞ � msð1 � 2nf Þ
mf ð1 � nsÞ+msð1 � nf Þ : (Equation 2)

Here, E = E =ð1 � n2Þ, m = E =ð2ð1 + nÞÞ, n is the Poisson ratio, and subscripts ‘‘f’’

and ‘‘s’’ refer to the film and substrate, respectively. As parameter a approaches 1

(Ef [Es), the likelihood of a crack forming and propagating in a film under strain in-

creases. This is due to an increase in the strain energy release rate (G) caused by the
10 Cell Reports Physical Science 5, 102076, July 17, 2024
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concentration of stress at the film-substrate interface.80,135 Fracture occurs when G

exceeds the critical value known as the cohesive fracture energy (Gc).
136 The elas-

tomer substrate can be modified to help overcome the elastic mismatch in the

bilayer system. Using a higher cross-linker density in the elastomer leads to a stiffer

substrate, lowering the modulus difference between the elastomer and thin film. A

disadvantage to this approach is that a stiffer elastomer will often have a lower

rupture strain, limiting the extent the film can be strained. An alternative method

is to increase the surface energy and stiffness of the elastomer substrate through

UV-ozone treatment.69,137,138 The increase in surface energy promotes adhesion

on the film to the elastomer, assisting the distribution of stress throughout the

film, and the modulus mismatch reduces at the film-elastomer interface (Dundur

parameter a /0). Sun et al. demonstrated this approach to achieve stretchable di-

ketopyrrolopyrrole-type polymer (PDPP-4T) films.69 Using UV-ozone-treated PDMS

during cyclic straining of PDPP-4T greatly reduced wrinkling and delamination (seen

in Figure 6C), demonstrating the importance of tuning the substrate-film interface in

stretchable polymers. Furthermore, confining a polymer fibril in an elastomer matric

has been demonstrated to greatly enhance the COS of a polymer.139 Xu et al.

demonstrated that nanoscale fibrils of a conjugated polymer resulted in nanocon-

finement effects that enabled biaxial stretchability of the composite of up to 100%

without fracture or drop in electrical performance.139 Solid additives, often in the

form of small molecule plasticizers or elastomers, also have an effect on the ductility

and DR of a polymer semiconductor film. They generally increase the film plasticity

and ductility, depending on additive loading, MW, and segregation.119,140

Morphological characterization of aligned films

Many of the same tools used to characterize organic electronic film morphology are

applicable when applied to aligned films.141,142 In-plane anisotropy can add infor-

mation about microstructure of the polymers but can also complicate the interpre-

tation of common characterization methods. This section reviews the most widely

used characterization tools for probing the morphology of aligned films and dis-

cusses the challenges associated with analyzing oriented films. Specifically, the tools

under consideration are illustrated in Figure 7 and include UV-vis spectroscopy,

spectroscopic ellipsometry, X-ray scattering, atomic force microscopy (AFM), and

transmission electron microscopy (TEM).

UV-Vis spectroscopy

Polarized UV-vis spectroscopy has been widely used to quantitatively determine the

degree of backbone alignment. The absorbance of light is proportional to CðE$MÞ2D,
where E is the electric field of the light, andM is the optical transition dipole moment

of the polymer. Density functional theory modeling has shown that as the degree of

polymerization increases beyond several monomers, the p-p* transition dipole

aligns along the polymer backbone.143 This alignment has been attributed to the in-

tramolecular coupling of atomic orbitals. Thus, absorbance is maximized when E is

parallel to the polymer backbone and goes to zero if orthogonal. To measure the net

in-plane orientation of the polymer, polarized light is rotated to capture the angular

dependence of the film absorbance, as illustrated in Figure 7. The polarized light

orientation that results in maximum absorbance then corresponds to the direction

of polymer alignment. In conjugated polymers, the polymer chains usually orient

in the direction of strain, and thus polarized light absorbance is maximized when

the polarization is parallel to the strain direction. The degree of alignment is most

often captured by the DR, which is the ratio between these extremes of absorbance

described by Ak(l)/At(l), where Ak and At are the absorbance with incident polar-

ized light oriented parallel (0�) and perpendicular (90�) to the director (stretch
Cell Reports Physical Science 5, 102076, July 17, 2024 11



Figure 7. Common tools to characterize aligned films

Includes polarized ultraviolet-visible (UV-vis) spectroscopy, grazing incidence wide-angle X-ray scattering (GIWAXS) with orthogonal film orientations

(parallel and perpendicular), GIWAXS with in-plane f rotation, atomic force microscopy (AFM), and electron diffraction (ED).
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direction), respectively. An example can be seen in Figures 8A and 8B, where the

polarized absorbance and dichroic ratio for a blend film of PBnDT-FTAZ:P

(NDI2OD-T2) at different extents of strain is displayed. The anisotropy can also be

captured by the linear dichroism (LD, represented as Ak(l) � At(l)) or diattenuation

((Tmax � Tmin)/(Tmax + Tmin), where Tmax and Tmin represent the maximum and mini-

mum transmitted light intensities through a sample). LD and diattenuation are less

prevalent than DR in the field of organic electronics compared to their use in biosci-

ences and optics.144,145

An order parameter can be used to quantify the degree of alignment from the

measured DR. This is often used to characterize alignment in liquid crystals.103

The order parameter can be given in either 2D or 3D space. For polymer thin films,

assuming the polymer chains are lying predominately in the plane of the films, a 2D

order parameter can be applied to assess the degree of uniaxial in-plane alignment.

The 2D order parameter is given by

S2D = 2Ccos2 fD � 1; (Equation 3)

where f is the angle between the element (backbone) and director (stretch direc-

tion), with the brackets representing an ensemble average over the identified pop-

ulation. DR can also be used to compute S2D. Given that Ak and At are proportional

to Ccos2ðfÞD and ð1 � Ccos2ðfÞDÞ, DR can be written as

DR =
Ccos2ðfÞD

ð1 � Ccos2ðfÞDÞ : (Equation 4)

Rearranging leads to
12 Cell Reports Physical Science 5, 102076, July 17, 2024



Figure 8. UV-vis spectroscopy characterization of aligned polymer semiconductor films

(A and B) Polarized UV-vis absorbance spectra (A) of PBnDT-FTAZ:P(NDI2OD-T2) blend films strained 0% and 60% and (B) corresponding spectral DR of

strained PBnDT-FTAZ:P(NDI2OD-T2) films. Reproduced with permission.74 Copyright 2018, John Wiley and Sons.

(C and D) Polarized UV-vis absorbance spectra (C) for PDPPT-C2C8C10 films under various strains and (D) orientation parameter (f) of strained PDPPT-

C2C8C10 films, labeled as S2D in this review. Reproduced with permission.123 Copyright 2021, John Wiley and Sons.

(E) Normalized absorbance of P3HT films under varying levels of strain with light polarized perpendicular (left) and parallel (right) to the strain direction.

Reproduced with permission.1 Copyright 2011, John Wiley and Sons.
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Ccos2ðfÞD =
DR

DR+1
: (Equation 5)

Inserting this relation into the 2D order parameter gives

S2D =
DR � 1

DR+1
: (Equation 6)

An example of S2D can be seen in Figures 8C and 8D, showing strain-dependent

polarized absorbance and S2D of a PDPPT-C2C8C10 film.123

TheDR is most often reported at a single wavelength, frequently at the peak absorp-

tion wavelength for the material. However, this can be misleading, as DR is not con-

stant across the spectrum. Part of the difficulty lies in the spectral shift that is often

seen when aligning semiconducting polymer films. Absorbance spectra with light

polarized parallel to the straining direction can be red shifted, with a corresponding

blue shift under perpendicularly polarized light. This is frequently associated with an

increase in the resolution of certain vibronic features (e.g., 0/0 transition) seen un-

der parallel polarized light. These changes in the polarized UV-vis spectra indicate

an increase in local order for the polymers aligned in the direction of strain, or

that the more ordered material re-orients more fully in the direction of strain.1,146

For example, a spectral shift was observed in strain-aligned P3HT, with a red shift

and increase in the 0/0 transition under parallel polarized light and subsequent

blue shift and loss of vibronic feature under perpendicular polarized light
Cell Reports Physical Science 5, 102076, July 17, 2024 13



Figure 9. Dichroic ratio vs. engineering strain for polymer semiconductors

Includes a variety of single-material (closed symbols) and blend (open symbols) films without post-

strain treatment. All films were strained on an elastomer support. A summary table can be found in

Table S2.
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(Figure 8E).1 This was attributed to preferential reorientation of the crystalline versus

amorphous material during straining. Given the difficulty in fully describing the

orientation distribution function on the polymer in an aligned film, reporting DR at

the peak absorption wavelength in the parallel direction is a reproducible figure

of merit that can be used to quantify a 2D order parameter.

It is important to note that the relationship between strain and degree of alignment

captured through the DR depends on the polymer structure and film morphology.

Figure 9 depicts the DR versus strain for various neat and blend polymer films. While

there is a general positive trend between strain and alignment, there remains a range

of DR values found for a given strain depending on the polymer. Further research is

needed to establish what factors dictate this relationship.

Spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) examines aligned films by capturing the biaxial

dielectric function (εxx s εyy s εzz). Once the dielectric function is known, the aniso-

tropic extinction coefficient (k) can be determined. SE is akin to UV-vis spectroscopy

since the absorption coefficient (a) is directly related to k by a = ð4pkÞ
l

. However, SE

offers several advantages over polarized UV-vis spectroscopy. First, it provides addi-

tional polymer orientation information, including out-of-plane orientation of the

polymer backbone. In UV-vis spectroscopy, issues related to scattering and surface

reflections can introduce uncertainties into absorbance measurements. Addition-

ally, a transparent or semitransparent substrate must be used in UV-vis spectros-

copy, which may not match the substrate employed in final applications. SE by-

passes these limitations by detecting changes in the polarization states of a light

source upon interaction with the sample. In addition, by probing the sample at vary-

ing angles of illumination and detection, out-of-plane optical constants can be
14 Cell Reports Physical Science 5, 102076, July 17, 2024
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determined, and vertical changes in optical properties can be modeled. In the case

of aligned films, the variation in optical properties through the film thickness can pro-

vide insight into changes in the degree of in-plane alignment through the film.

Films with anisotropic optical properties require careful ellipsometry analysis. The

optical response of a material can be described by the complex, frequency-depen-

dent, dielectric function, given as147

εij =

2
664
ε
0
xx + iε00xx 0 0

0 ε
0
yy + iε00yy 0

0 0 ε
0
zz + iε00zz

3
775: (Equation 7)

The observed dielectric tensor arises from the spatially averaged local polarization

that is a function of the local dielectric function and the orientation distribution func-

tion(s) describing the material. Themeasured dielectric function arises from the local

dielectric response of the polymer and the orientation distribution function of the

polymer that makes up the film. Assuming the absorption dipole is oriented parallel

to the polymer backbone (c-axis) and has cylindrical symmetry, the local dielectric

tensor can be given as147

2
664
ε
0
aa 0 0

0 ε
0
aa 0

0 0 ε
0
cc + iε00cc

3
775: (Equation 8)

Taking this local dielectric tensor, and using a linear effective medium approxima-

tion, the imaginary part of the orthorhombic dielectric function is given as147

2
666664

1

2
Csin2 W sin2 fD 0 0

0
1

2
Csin2 W cos2 fD 0

0 0 cos2 q

3
777775
ε
00
cc ; (Equation 9)

where the Euler angles c, q, and f orient the local a, b, c frame in the orthorhombic

and x, y, z frame. To quantify the degree of backbone alignment in the plane of the

film, a 2D order parameter can be calculated using the imaginary components of the

x (ε00xx ) and y (ε00yyÞ dielectric tensor, given as147

S2D = 2Ccos2ðfÞD � 1 =
ε
00
yy � ε

00
xx

ε
00
xx+ε

00
yy

: (Equation 10)

SE is highly accurate and robust as it measures the complex ratio of a particular sys-

tem rather than absolute values. However, the generated results of ellipsometry

require models to unveil the underlying optical properties of a film.Whenmeasuring

thin conjugated polymer films, the projection of the electric field absorption in the

z-direction (out of plane) is very small. This limited sensitivity can result in strong cor-

relations in the fit parameters for out-of-plane optical constants. These limitations

can be addressed by using multiple angles of incidence and measuring several films

with varying thicknesses or on different substrates. By employing a robust experi-

mental procedure and model construction, an accurate depiction of the biaxial

dielectric components can be obtained to capture film anisotropy.

X-ray scattering

Alongside UV-vis spectroscopy, the most common measurements to capture the

anisotropic microstructure of aligned organic electronic films are X-ray scattering
Cell Reports Physical Science 5, 102076, July 17, 2024 15
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techniques. There are multiple reviews that cover X-ray scattering measurements of

conjugated polymers.141,148 Here, we discuss the X-ray scattering techniques

applied to aligned films, along with associated challenges specific to capturing in-

plane anisotropy. The predominant technique used is grazing incidence wide-angle

X-ray scattering (GIWAXS), typically conducted in a synchrotron facility where the

grazing incidence and high flux is able to capture molecular packing from the thin

films that are often poorly ordered. The diffraction of X-rays is determined by the

spacing and orientations of crystallographic planes of the film determined through

Bragg’s law. GIWAXS measurements often employ area detectors, which allow for

rapid collection of a range of scattering angles at the expense of resolution. The re-

sulting peaks represent the magnitude and direction of the reciprocal lattice vectors

of crystals in the film, which are related to the interplanar spacing. When analyzing

anisotropic films, it’s common to measure the scattering with the X-ray source par-

allel and perpendicular to the alignment direction. A schematic for probing aniso-

tropic films using GIWAXS is given in Figure 7. As the polymer chains orients in

the direction of strain, the scattering associated with backbone ordering (00l) will

strengthen for the X-ray beam perpendicular to the strain direction, and in-plane

(h00) and (0k0) scattering will strengthen for the X-ray beam parallel to the strain di-

rection (assuming face-on and edge-on stacking are present). However, a direct

comparison of the 2D images can be misleading, as the X-ray flux may vary for

each measurement, and the sample volume being probed may differ. To compare

the parallel and perpendicular scattering intensities, the data can be normalized

by the out-of-plane scattering intensity. The out-of-plane scattering along Qxy =

0 should ideally be independent of the incident beam direction. However, specular

diffraction along Qz with Qxy = 0 is not observed due to the projection of the probed

reciprocal space (Ewald sphere surface) onto a flat plate.149 Nevertheless, normal-

izing near out-of-plane scattering provides a path to more accurate estimate of

anisotropic packing. In films with in-plane alignment, a similar problem occurs. In

the case of parallel planes oriented along the alignment direction, the in-plane

data Qxy with Qz = 0 may not represent specular scattering.141

Furthermore, capturing scattering from orthogonal X-ray beams provides an incom-

plete set of data necessary to determine a change in a film’s crystallinity versus a

change in the crystal orientation distribution. To definitively determine a change

in crystallinity compared to the reorientation of crystals, the full reciprocal space

must be mapped. The in-plane orientation distribution can be determined through

an X-ray scan with azimuthal angle rotation (i.e., f-scan). The f-scan can be used

with a point detector or image detector. In the case of a point detector, a specific

scattering peak is tracked with f-rotation. An image detector allows for a view of

multiple scattering peaks as the film is rotated.30,147 Importantly, the orientation dis-

tribution observedmay depend on the scattering peak selected, particularly in semi-

paracrystalline films.102 In this case, the paracrystalline order depends on the crystal-

lographic axis considered. Further method development is necessary to unpack

changes in orientation, paracrystallinity, and degree of paracrystalline order (i.e.,

g-parameter)100 in oriented films. Nevertheless, the orientation distribution of a

scattering peak (e.g., (100)) from a phi-scan can then be used to determine a 2D or-

der parameter similar to the UV-vis spectroscopy, given as S2D;crystal = 2Ccos2ðfÞD �
1. Importantly, X-ray scattering provides the specific orientation distribution of the

ordered polymer that meets the Bragg condition (i.e., crystalline material), while UV-

vis provides an average orientation of all polymers in the film (crystalline and amor-

phous). Thus, by contrasting the 2D order parameters using these two methods, the

alignment of the disordered fraction of the polymer can be captured.1,123
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2D GIWAXS images of a strained P3HT film oriented parallel and perpendicular to the

incident beam are given in Figure 10A.1 Stronger in-plane scattering was seen for the

lamellar (h00) series in the parallel direction compared to the perpendicular direction.

In Figure 10B, high-resolution X-ray scattering using a point detector is presented,

adjusted for each scattering vector position to maintain the scattering vector perpen-

dicular or parallel to the direction of strain. These line scans at varying strains clearly

show the increase in scattering for the perpendicular scattering vector as the degree

of strain increases. A f-scan of the (200) scattering peak using a point detector is given

in Figure 10C. Using the f-scan, S2D,crystal was determined to be 0.84, representing a

high level of crystal orientation with the backbone aligned in the direction of strain.

In an oriented film, considering the scattering peaks that appear in the various orienta-

tions can assist in identifying the crystal structure.30 For example, the crystal structure of

poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT) was deter-

mined by comparing scattering of biaxially oriented films with molecular mechanics

modeling.150 Similarly, Figure 10D displays parallel and perpendicular GIWAXS for a

strain-aligned PBnDT-FTAZ film after heating.30 Clear anisotropy can be seen between

the parallelly and perpendicularly oriented film. The strain alignment also highlights an

off-axis lamellar scattering series that assisted in defining a monoclinic unit cell.30

Althoughmost X-ray scattering experiments are conducted on a substrate in grazing

incidence, recently X-rays have been used on a strained film in a transmission geom-

etry to help elucidate the origin of strain alignment.123 The geometry of the exper-

iment for hard X-rays is displayed in Figure 10E. Transmission X-ray scattering under

strain can be used to investigate the alignment of crystalline domains (hard X-rays) or

inform the orientation of the polymer backbone in crystallites (tender X-rays) during

the straining process. For instance, in Figure 10F, as the degree of strain increased,

the (h00) scattering increased perpendicular to the strain direction, while the (001)

scattering increased along the straining direction.123

Near edge X-ray absorption fine structure (NEXAFS) utilizes the absorption of soft

X-rays by core shell electrons to analyze the structure of a polymer film. NEXAFS

can reveal the orientation of conjugated polymers through analysis of the C–C

1s / p* resonance. Here the 1s- p* dipole moment is perpendicular to the conju-

gated ring in contrast to UV-visp-p* dipolemoment that is the basis of UV-vis absor-

bance. Altering the X-ray angle of incidence as well as the in-plane azimuthal angle

gives insight into the dichroism in the film. Utilizing surface-sensitive NEXAFS allows

for the study of top-surface orientation and features, which can differ from bulk ma-

terial. Comparing the anisotropy observed at the surface to bulk anisotropy is partic-

ularly useful when considering thickness dependence on alignment, as well as sub-

strate effects on polymer templating. NEXAFS can be used to evaluate the in-plane

orientation of the p-planes and the side chains and can add to valuable orientation

information.141 Similar to UV-vis spectroscopy, NEXAFS measures the average mo-

lecular orientation of all polymer populations.

Microscopy

AFM is valuable for investigating surface characteristics of aligned films at the nano-

meter scale. In oriented polymer films, the surface may or may not exhibit clear signs

of film alignment. However, there are several instances where AFM has been suc-

cessfully employed to examine aligned conjugated polymers, revealing surface

nanoribbons,151–153 fibrils,147,154–157 or terrace structures.30,151,153,158 For example,

P3HT has been shown to exhibit a fibril-type network at the surface after straining

(Figure 11A), and PBnDT-FTAZ has exhibited a terrace-like structure following strain-

ing and heating (Figure 11B).1,30
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Figure 10. X-ray scattering characterization of aligned polymer semiconductor films

(A) GIWAXS images of P3HT films strained 140%, with the incident X-ray beam parallel (top) and perpendicular (bottom) to strain.1

(B) High-resolution line scans for P3HT films of various strain with the scattering vector oriented parallel and perpendicular to the strain direction.1

(C) X-ray diffraction f-scan of the in-plane (200) scattering peak for a P3HT film strained 112%. Reproduced with permission.1 Copyright 2011, John

Wiley and Sons.

(D) GIWAXS images of PBnDT-FTAZ films strained 40% and annealed at 270�C for 5 min, with the incident X-ray beam parallel (top) and perpendicular

(bottom) to strain.30

(E and F) Schematic (E) and 2D scattering patterns (F) of wide-angle X-ray scattering on PDPPT-C2C8C10 films under varying strain. Reproduced with

permission.123 Copyright 2021, John Wiley and Sons.
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TEM is a powerful tool to map the orientation distribution of oriented polymer films.

TEM can capture fine detail in a film (<nm), which can be useful in uncovering crystalline

features and packing orientation and texture. High-resolution TEM (HRTEM), in partic-

ular, allows for direct visualization of chain alignment at the molecular level.159,160

While informative, TEM alone cannot fully elucidate the complete structure of a crystal-

line film since the transmission experimental geometry primarily provides information

on in-plane features. It is often used in conjunction with diffraction techniques to

obtain a more comprehensive structural understanding. One example has been shown

by Biniek et al. with rub-aligned polythieno-[3,4-b]-thiophene-co-benzodithiophene
18 Cell Reports Physical Science 5, 102076, July 17, 2024



Figure 11. Microscopy characterization of aligned polymer semiconductor films

(A) AFM image of a P3HT film strained 140% and annealed at 180�C for 1 h featuring fibrillar surface morphology. Reproduced with permission.73

Copyright 2014, John Wiley and Sons.

(B) AFM image of a PBnDT-FTAZ film strained 40% and annealed at 270�C for 1 min, featuring terraced surface morphology.30

(C) Electron diffraction patterns and dark-field TEM images for a PBTTT film strained 50%. The inset color map shows relative diffraction orientation

associated with each color. Reproduced with permission.72 Copyright 2015, American Chemical Society.
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polymer film.161 HRTEM was utilized alongside grazing incidence X-ray scattering to

reveal primarily face-on domains. Indexed diffraction patterns matched the periodicity

measured throughHRTEMmeasurements, and an estimate for the crystallinity was pro-

posed bymeasuring the relative area of the HRTEM imagewith face-on domains. Dark-

field TEM (DF-TEM) is particularly effective in capturing grain boundaries and in-plane

orientation in a polymer film.72,162 This technique leverages electron diffraction charac-

teristics, and image contrast is determined by in-plane diffraction orientation. By

acquiring multiple images of the same film area with varying beam-tilt configurations,

each pixel’s intensity pattern can be correlated with the in-plane crystal orientation.

Xue et al. demonstrated this approach when studying strained films of PBTTT using

elevated temperatures.72 As strain increased, grains in the terraced morphology of

the film showedmore uniform in-plane orientation versus unstrained films (Figure 11C).

DF-TEM analysis can be valuable in characterizing the orientation of a film with a grain-

boundary morphology, especially for films with higher degrees of crystallinity.

An extension of TEM that is particularly useful in the analysis of anisotropic conju-

gated polymer films is electron diffraction (ED). Similar to DF-TEM, ED captures dif-

fracted electrons, but it employs a selected area aperture instead of an objective

aperture. Consequently, ED provides a diffraction pattern rather than an image,

revealing the crystallographic nature in a film. An illustration of an ED diffraction

pattern is illustrated Figure 7. ED is helpful in unearthing the general orientation

of crystallographic planes in the plane of the film but is unable to gather information

about out-of-plane packing. Nonetheless, it is commonly used to characterize

aligned films, allowing for isolation of very small areas of a film.

Applications

Enhanced charge carrier mobility

In-plane polymer alignment can result in anisotropic charge transport properties

with enhanced charge mobility in the direction of backbone alignment.72 This has

led to interest in achieving high degrees of in-plane anisotropy in OFETs.25 Howev-

er, there is not a straightforward relationship between the degree of alignment

achieved and the resulting mobility anisotropy, which can vary widely even with

similar DR, as depicted in Figure 12A. This variability is due to confounding factors

beyond ensemble average backbone alignment. In addition, alignment does not

consistently show improved charge mobility compared to an isotropic film. This is

because interchain charge transport bottlenecks can remain a limiting factor in

charge mobility. Maintaining a sufficient level of chain connectivity is necessary for
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enhancing charge transport, often through tie chains between aggregates or crys-

tals.73 Early efforts considering strain-aligned polymer semiconductors in OFETs

were demonstrated by Dyreklev et al.14,15 These demonstrations were based on

stretching poly(3-octylthiophene) (POT) films on a polyethylene substrate and incor-

porating the strained films in OFETs. The stretching ratios in the POT films ranged

from 1.3 to 4.5, and charge mobilities were measured in the direction both parallel

and perpendicular to the applied strain. A clear linear trend was observed between

the stretching ratio and mobility anisotropy. The mobility anisotropy increased from

1.46 at a stretching ratio of 1.3 to a maximum value of 4.5 at a stretching ratio of 4.5.

Interestingly, there was no significant improvement in charge mobility between

strained and unstrained OFETs. Yasuda et al. fabricated anisotropic OFETs using

strained P3HT on a polypropylene (PP) substrate.163 The P3HT/PP bilayer film was

stretched at an elevated temperature of 170�C, and it reached a DR of 2.7 at the

peak absorbance wavelength. A schematic of the OFET and polarized UV-vis absor-

bance spectra can be seen in Figure 12B. The field-effect hole mobility was reported

to increase by 33% along the stretching direction compared to an unstrained film.

Later work by Yasuda expanded the strain alignment technique to various materials,

including P3HT, polydioctylfluorene (PFO), and poly[2-methoxy-5-(20-ethylhexy-
loxy)-1,4-phenylene vinylene] (MEH-PPV).164 In this work, the conjugated polymer

films were spin coated on a PP substrate and strained at an elevated temperature

to five times the initial length. Significant polymer alignment was observed, with a

DR of 10.6 for P3HT, 4.1 for PFO, and 9.3 for MEH-PPV films. Seeing as P3HT is

semi-crystalline, PFO is liquid-crystalline, andMEH-PPV is amorphous, it was argued

that strain alignment was highly effective for orientation for mostp-conjugated poly-

mers. OFETs were fabricated with F4TCNQ� doped strained P3HT, achieving a field-

effect hole mobility anisotropy of 3.4 and a conductivity anisotropy of 2.8.164

More recently, polymer semiconductor films were strained while on PDMS and then

transfer printed to fabricate OFETs. Strained P3HT on PDMS by 168% followed by

transfer printing on glass resulted in a DR of approximately 4.8 at peak absorption.1

The mobility anisotropy in similarly fabricated OFETs reached a maximum of 9 with

an applied strain of 140%, with greater mobility observed in the direction of strain.

Figure 12C provides a summary of the change in orientation order parameter ex-

tracted from X-ray diffraction and UV-vis absorbance and the change mobility

change with applied strain. It is observed that the change in mobility tracks closely

with the change in backbone alignment of the crystalline material. A subsequent

study in 2014 aimed to unearth the morphological origin of charge transport anisot-

ropy in P3HT.73 During this investigation, the impact of thermal annealing on the

morphological and electrical characteristics of strained P3HT was examined. Inter-

estingly, while marginal improvements were observed in optical anisotropy

following annealing (DR increased from 4.4 to 5.4), charge mobility along the strain

direction significantly decreased. This was attributed to the formation of sharp grains

between oriented crystalline P3HT due to tie chain removal by thermal annealing.

Furthermore, Wu et al. demonstrated a PDMS alignment strategy for evaluating

the electrical characteristics of OFETs with stretched films.165 In this approach, the

semiconducting polymer film remained laminated to a PDMS slab for straining

and characterization. This enabled testing varying levels of strain and multiple strain

cycles with the same polymer film. They achieved a DR of approximately 1.6 and sta-

ble mobility for strains up to 100% for the most ductile polymer tested.165 Strategies

were developed to strain-align films, the typically brittle PBTTT and poly[4-(4,4-

dihexadecyl-4Hcyclopenta[1,2-b:5,4-b]dithiophen-2-yl)-alt[1,2,5]thiadiazolo [3,4c]

pyridine] (PCDTPT) films.72,166 For PBTTT, heating the film to a temperature near

its liquid-crystalline phase, the COS increases from �3% at room temperature to
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Figure 12. Applications in enhancing charge carrier mobility

(A) Mobility anisotropy vs. dichroic ratio for select polymer semiconductor films. A summary of the data is given in Table S3.

(B) Anisotropic OFET structure and polarized UV-vis absorbance spectra for strained rr-P3HT on a polypropylene substrate.163

(C) 2D order parameters (X-ray diffraction, UV-vis, and mobility) for P3HT at different strain levels. Reproduced with permission.1 Copyright 2011, John

Wiley and Sons.

(D and E) Alignment procedure (D) and DR versus strain (E) for PBTTT annealed on varying substrates. Reproduced with permission.72 Copyright 2015,

American Chemical Society.

(F–H) Device architecture of OFETs (F) using strained PTDPPSe-Si films, with charge mobilities (G) parallel and (H) perpendicular to the straining

direction. Reproduced with permission.121 Copyright 2022, American Chemical Society.
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over 70%. A maximum DR of 8 was found for a film strained by 60% followed by a

thermal annealing step, summarized in Figure 12D. Charge mobility along the strain

direction reached a maximum of 1.67 cm2 V�1 s�1, which was among the highest
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reported for this material. In the case of PCDTPT, which has a COS of less than 4%,

film ductility was enhanced by blending thematerial with highly ductile P3HT. OFETs

with the blend film preserved the charge transport character of PCDTPT, due to pref-

erentially segregation of the two materials while greatly increasing the ductility of

the film. Straining the blend films results in a DR of approximately 3.75 and an in-

crease in charge mobility from approximately 1.0 cm2 V�1 s�1 to 1.48 cm2 V�1 s�1.

There have been numerous molecular design modifications to improve ductility

as outlined above. Many of these demonstrated polymers have been

strained and applied to OFETs.123,167 One example has been grafting hybrid

siloxane-based side chains onto a backbone of poly-diketo-pyrrolopyrrole-seleno-

phene (PTDPPSe).121 This significantly improved the stretchability of the polymer

semiconductor, allowing for strains up to 100%. Charge mobility was shown to in-

crease parallel to the straining direction, reaching values over 1 cm2 V�1 s�1. This

improvement was attributed to the enhanced strain-induced alignment of the

side-chain engineered polymers. Figures 12F–12H provides a schematic of the

straining process along with the strain-dependent mobility anisotropy parallel and

perpendicular to the straining direction.

Polarized emission

Oriented films with in-plane alignment exhibit a preference for emitting light with

the electric field oriented parallel to the alignment direction. Grell et al. provided

a thorough summary of initial experiments involving polarized luminescence with

polymers.3 Initially, many of these experiments utilized rubbing or textured sub-

strates to induce alignment in polymer thin films. While rubbing and aligned sub-

strates have proven effective for polymer alignment and polarized light emission,

they often necessitate specific material requirements, such as a lyotropic or thermo-

tropic liquid crystal polymer. Alternatively, some of the earliest applications of polar-

ized emission used strain. The first report of polarized electroluminescence (EL)

involved strain alignment of poly(3-(4-ocrylphenyl)-2,20-bithiophene) (PTOPT) films

on a polyethylene substrate.168 The composite was strained to twice its initial length,

and after integrating the film into an LED, the EL ratio was measured at 2.4. The asso-

ciated spectral difference between the parallel and perpendicular emission is shown

in Figure 13A. Anisotropic EL has also been shown on strain-oriented PPV.169,170

Lemmer et al. demonstrated PPV films strained to 4 times their initial length, fol-

lowed by the deposition of two gold electrodes.169 EL was observed to be approx-

imately 8 times stronger for polarization parallel to the stretch direction compared to

perpendicular.

Polarization detection

Several instances of polarization-sensitive photodiodes have taken advantage of

high-temperature rubbing55,172–176 or a solution-phase approach177 to align the

polymer films. However, these methods can result in reduced detector performance,

including lower responsivities and higher dark currents.55 Alternatively, strain align-

ment has proven effective, given that the active layer films exhibit sufficient ductility

to reach adequate strain levels for alignment. Strain alignment of bulk heterojunc-

tion (BHJ) films comprising a polymer donor and small molecule acceptor has

been successfully demonstrated using blend films of P3HT:PCBM for polarization-

sensitive photodetectors.2,19 These films exhibited a maximum DR of approximately

6.5 at 100% strain, with a corresponding photocurrent anisotropy of 1.5.2 Notably,

the photodiode fill factor and open-circuit voltage remained unchanged under vary-

ing strain conditions, indicating that variation in short circuit current (JSC), driven by

changes in absorption, was the primary factor in polarization response. The
22 Cell Reports Physical Science 5, 102076, July 17, 2024



Figure 13. Applications in polarized emission and detection

(A) Polarized electroluminescence spectra of strain-aligned PTOPT LED. Reproduced with permission.168 Copyright 2004, John Wiley and Sons.

(B) Polarized UV-vis spectra of strain-aligned P3HT:PCBM and current-voltage output of photodiode detectors utilizing the aligned film as the active

layer. Reproduced with permission.2 Copyright 2014, AIP Publishing.

(C) Schematic of polarization-resolved photodetector, strain-dependent dichroic ratio, and responsivity.171

(D) Spectral responsivity of photodiode detectors with strain-aligned PBnDT(FTAZ):P(NDI2OD-T2) films. Reproduced with permission.74 Copyright

2018, John Wiley and Sons.

(E) Polarized UV-vis spectra of strained and annealed PBnDT(FTAZ):P(NDI2OD-T2) and current-voltage output of photodiode detectors utilizing the

aligned film as the active layer. Reproduced with permission.55 Copyright 2021, John Wiley and Sons.
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polarized UV-vis spectra of strained P3HT:PCBM films and current-voltage charac-

teristics of subsequent photodiode detectors are shown in Figure 13B. In this

case, the small molecule PCBM does not show anisotropic optical properties, and

the optical anisotropy is solely due to alignment of P3HT. It’s worth noting that hav-

ing a high fraction of small molecule acceptor in a blend film can often lead to brittle

film behavior, which limits the potential for strain alignment.117,178 However, recent

approaches have shown that ductile polymer:small molecule BHJ films can be

achieved through careful polymer design, precise control of film morphology, and
Cell Reports Physical Science 5, 102076, July 17, 2024 23
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the addition of suitable additives.140,171,179 A demonstration by Gao et al. utilized a

BHJ of highly ductile PNTB6-Cl and the small molecule acceptor Y6.171 The intrinsi-

cally stretchable blend film reached dichroic ratios of 1.82 at 100% strain, resulting in

responsivity ratios reaching 1.42. The polarization-sensitive photodetectors main-

tained a high responsivity of 0.45 A W�1 and a specific detectivity over 1012 Jones.

Figure 13C provides an illustration of the detector, along with the blend film’s DR

and responsivity ratio versus strain and polarization-dependent relative responsivity.

The active layer can also consist of an all-polymer BHJ active layer. For instance, Sen

et al. utilized a photoactive layer comprising PBnDT-FTAZ and P(NDI2OD-T2), capi-

talizing on sufficient ductility in the all-polymer blend, as well as complementary ab-

sorption spectra to enable polarization detection across the visible spectrum.74 The

resulting photodetectors displayed DR of approximately 2, along with photocurrent

ratios of 1.4 under orthogonal polarized light after an application of 60% strain. Fig-

ure 13D depicts the responsivity of photodetectors with aligned PBnDT-

FTAZ:P(NDI2OD-T2), showcasing both panchromatic and anisotropic responsivity.

Along with polarization sensitivity, the photodetectors exhibited performance com-

parable to state-of-the-art all-polymer photodetectors with responsivity above

0.2 A W�1 and a 3-dB cutoff frequency of approximately 1 kHz. A recent demonstra-

tion has shown even greater absorption and photocurrent anisotropy utilizing

aligned PBnDT-FTAZ:P(NDI2OD-T2).55 Thermally annealing the strained films

greatly enhanced chain alignment and polarization sensitivity, resulting in photocur-

rent ratios of nearly 4. Figure 13E shows the absorbance anisotropy under differing

annealing conditions of the strained BHJ films, along with current-voltage character-

istic of films integrated in a semitransparent photodiode configuration.

Polarization-sensitive OPDs have opened up new possibilities in polarimetry, or the

quantification of the polarization state of light.19,20,171,175,180–182 Quantifying polar-

ized light has widespread applications ranging from atmospheric sensing to

biomedical imaging.183,184 Traditionally, the polarization state of light is mathemat-

ically represented by the Stokes parameters. Conventionally, determining the

Stokes parameters is commonly achieved using a rotating polarizer in front of a de-

tector or by using four spatially non-coincident detectors with stationary polarization

filters in front of the individual cells. Hence, there is a trade-off between temporal

and spatial resolution. Polarized OPDs can potentially overcome the challenges of

these approaches by employing a stack of semitransparent polarized OPDs. The

work by Gupta Roy et al. and Yang et al. demonstrated an accurate measurement

of the Stokes parameters by stacking semitransparent, polarization-sensitive OPDs

along a single optical path, allowing for a snapshot measurement of the Stokes

parameters.19,20
CONCLUSIONS

Strain is a simple and effective approach to orient polymer semiconductor films that

can be used to understand fundamental characteristics of the film microstructure

and electronic properties and be applied in devices to improve performance or

introduce novel functionality. Strain has unique advantages over other alignment ap-

proaches including simplicity, alignment control, reproducibility, and effectiveness.

As outlined in the numerous demonstrations in this report, the approach can be

applied to a wide variety of polymer semiconductors, and transfer printing a strained

film from an elastomer support can be realized with high fidelity on a variety of sur-

faces. Yet, polymer semiconductors must possess the requisite toughness and

ductility to effectively strain the films while maintaining film cohesion and function.
24 Cell Reports Physical Science 5, 102076, July 17, 2024
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In this report, we reviewed the molecular features (i.e., MW, backbone, side-chain

characteristics, etc.) that contribute heavily to the mechanical behavior of conju-

gated polymer films. We also discuss the influence of film morphology and the

neighboring substrate on the magnitude of strain that can be applied to the film

prior to fracture.

It is important in any oriented organic semiconductor, strained or otherwise, that

the film morphology is accurately characterized. In this review, we outline common

practices for film characterization and highlight complexities that need to be

considered in oriented film morphological analysis. This includes observed dichro-

ism that may not be associated with polymer alignment, the additional X-ray

diffraction information needed to determine the crystal orientation distribution

and changes in crystallinity, and the additional ellipsometry measurements needed

to accurate determine the anisotropic dielectric function. Importantly, many of the

insights gained from strain alignment and characterization are integral to stretch-

able organic electronics where the film morphology will undergo similar changes

under cyclic strain.

The use of strain alignment has been primarily applied in OFETs, OLEDs, and OPDs.

Strain can be used to improve chargemobility in the direction of strain. However, this

is not found to be universally the case due to intermolecular charge transport bottle-

necks in the oriented film. In OLEDs, strain has resulted in polarized electrolumines-

cence, and in OPDs, strain has resulted in polarization-dependent responsivity. In

both OLEDs and OPDs, the polarization characteristics can be exploited for a range

of applications including simplified display electronics to advanced spectro-polari-

metric detections schemes. The demonstrations highlight the advantages of strain

in device fabrication. The ability to strain a film on an elastomer support followed

by transfer printing has been highly effective and allows for an additive

manufacturing process that doesn’t harm the polymer film or underlying device

layers. While straining conjugated polymers has largely been conducted at a labora-

tory scale, this approach should be easily scaled. Stretching commodity polymers

has been a standard practice in industry for decades, suggesting that similar

large-scale approaches can be adopted for polymer semiconductors. As the appeal

for conjugated polymers for electronic applications continues to grow, a successful

integration of processing conditions, advanced conjugated polymer synthesis, and

stable upscaling of current strain alignment processes can pave the way for innova-

tive anisotropic and stretchable organic electronic devices.
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Rondeau-Gagné, S., and Gu, X. (2022).
Elucidating the Role of Hydrogen Bonds for
Improved Mechanical Properties in a High-
Performance Semiconducting Polymer.
Chem. Mater. 34, 2259–2267. https://doi.org/
10.1021/acs.chemmater.1c04055.

95. Galuska, L.A., Muckley, E.S., Cao, Z.,
Ehlenberg, D.F., Qian, Z., Zhang, S., Rondeau-
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